Acute physiological responses to arm-cranking with blood flow restriction by Cockfield, Benjamin
Michigan Technological University 
Digital Commons @ Michigan Tech 
Dissertations, Master's Theses and Master's Reports 
2020 
Acute physiological responses to arm-cranking with blood flow 
restriction 
Benjamin Cockfield 
Michigan Technological University, bacockfi@mtu.edu 
Copyright 2020 Benjamin Cockfield 
Recommended Citation 
Cockfield, Benjamin, "Acute physiological responses to arm-cranking with blood flow restriction", Open 
Access Master's Thesis, Michigan Technological University, 2020. 
https://doi.org/10.37099/mtu.dc.etdr/988 
Follow this and additional works at: https://digitalcommons.mtu.edu/etdr 
 Part of the Exercise Physiology Commons, Exercise Science Commons, and the Systems and Integrative 
Physiology Commons 










Submitted in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
In Kinesiology 
 
MICHIGAN TECHNOLOGICAL UNIVERSITY 
2020 
 
© 2020 Benjamin A. Cockfield 
  
This thesis has been approved in partial fulfillment of the requirements for the Degree of 
MASTER OF SCIENCE in Kinesiology. 
 
Department of Kinesiology and Integrative Physiology 
  
 Thesis Advisor: Dr. Steven Elmer  
 Committee Member: Dr. John McDaniel 
 Committee Member: Dr. Kui Zhang 




Table of Contents 
List of figures .......................................................................................................................5 
List of tables .........................................................................................................................6 
Acknowledgements ..............................................................................................................7 
Abstract ................................................................................................................................8 
1 Review of Literature ...................................................................................................9 
1.1 Background ......................................................................................................9 
1.2 Populations .....................................................................................................10 
1.3 Mechanisms ....................................................................................................11 
1.4 Sex Differences ..............................................................................................12 
1.5 Blood Pressure ................................................................................................13 
1.6 Study Rationale ..............................................................................................14 
2 Introduction ...............................................................................................................16 
3 Methods.....................................................................................................................19 
3.1 Participants .....................................................................................................19 
3.2 Experimental Overview ..................................................................................19 
3.3 Arterial Occlusion Pressure ............................................................................20 
3.4 Oxygen Consumption and Aerobic Capacity .................................................21 
3.5 Upper Body Exercise with Blood Flow Restriction .......................................22 
3.6 Cardiorespiratory, Metabolic, and Perceptual Variables ................................23 
3.7 Tissue Perfusion .............................................................................................24 
3.8 Statistical Analysis .........................................................................................24 
4 Results .......................................................................................................................27 
4.1 Arm Cranking Trials ......................................................................................27 
4.2 Cardiorespiratory and Metabolic Responses ..................................................27 
4.3 Tissue Perfusion .............................................................................................28 
4.4 Perceptual Responses .....................................................................................29 
4.5 Blood Pressure ................................................................................................29 
4 
 
5 Discussion .................................................................................................................31 
5.1 Upper Body Exercise with Blood Flow Restriction .......................................31 
5.2 Cardiorespiratory and Metabolic Responses ..................................................32 
5.3 Tissue Perfusion .............................................................................................33 
5.4 Perceptual Responses .....................................................................................34 
5.5 Ankle Blood Pressure .....................................................................................35 
5.6 Implications ....................................................................................................36 
5.7 Limitations ......................................................................................................37 
5.8 Conclusion ......................................................................................................39 
5.9 Tables and Figures ..........................................................................................41 
A Grants Submitted ......................................................................................................58 
A.1 Michigan Space Grant Consortium ................................................................58 
B Approved IRB Forms ................................................................................................64 
B.1 IRB Approval Letter .......................................................................................64 
B.2 IRB Approved Consent Form .........................................................................66 










List of figures 
Figure 1: Overview of experimental protocol. cardiorespiratory, metabolic, and ............45 
Figure 2: Changes in heart rate (A), VO2 (B), RER (C), and ventilation (D), . ...............46 
Figure 3: Alterations in tissue saturation index (A), and concentrations of .....................47 
Figure 4: Changes in whole-body exertion (A), arm specific exertion (B), and pain ......48 




List of tables 
Table 1: Outline of BFR training review articles and meta-analyses ...............................41 
Table 2: Assessment of Arterial Occlusion Pressure Reliability - Internal Consistency ..42 
Table 3: Assessment of AOP and TSI Reliability - Mean Stability..................................43 






I would like to acknowledge the Michigan Space Grant Consortium for providing funding 
for this research project. I would like to thank fellow graduate and undergraduate students 
Isaac Wedig and Jana Hendrickson for their help with data collection, as well as all 
subjects who volunteered to participate in the study. Additionally, I would like to 
sincerely thank my advisor, Dr. Steve Elmer and committee members Dr. John McDaniel 
and Dr. Kui Zhang for their expertise and input provided throughout this process. Lastly, 





Physiological responses to aerobic blood flow restriction exercise (BFR) are well 
documented for lower-body exercise but not upper-body exercise. I evaluated 
cardiorespiratory (heart rate, VO2, RER, ventilation), metabolic (tissue saturation, 
deoxyhemoglobin concentrations), and perceptual (effort, pain) responses to arm 
cranking with BFR at varying arterial occlusion pressures (AOP). Ten adults performed 4 
intermittent arm cranking protocols (6x2-min, 1-min recovery): 1) low load (LL) – 
40%VO2peak and 0% AOP; high load (HL) – 80%VO2peak and 0% AOP; (BFR50) – 
40%VO2peak with 50% AOP; (BFR70) – 40%VO2peak with 70% AOP. Heart rate, 
RER, and ventilation, were higher with BFR compared to LL (P<0.05) and lower than 
HL. BFR decreased tissue saturation and increased deoxyhemoglobin concentrations 
compared to LL (P<0.05) and was increased with pressure. Overall, BFR resulted in 
greater effort and pain compared to LL. These results suggest arm cranking with BFR 
may increase metabolic stress necessary for improvement in physical function, without 
excessive cardiorespiratory strain. 
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1 Review of Literature 
1.1 Background 
Blood flow restriction exercise (BFR) is an emerging area of interest for 
researchers, clinicians, and athletes alike. A brief search of “blood flow restriction 
exercise” in the current literature reveals over 40 review articles and meta-analyses which 
have been published within the past 10 years, among these studies include a recent 
position stand [1] and an endorsement by the American Physical Therapy Association 
[2]. Additionally, BFR has been covered in popular media outlets including the Wall 
Street Journal, Sports Illustrated, and ESPN. Collectively, these publications highlight the 
best current practices of BFR and the efficacy of its use as a means to improve muscle 
size and strength, physical function, and exercise capacity in healthy, clinical, and athletic 
populations.  
Performing BFR involves applying a pressurized cuff to the exercising limb, 
resulting in a reduction of arterial blood flow to the muscle, and occlusion of a majority 
of the venous blood leaving the limb [3-7]. Several groups [8-10] have effectively 
implemented BFR during resistance training programs (e.g., weight lifting) for both 
upper and lower-body musculature with notable improvements in muscle size and 
strength. Research has also demonstrated that the use of BFR during low-intensity 
walking and cycling elicits improvements in not only aerobic capacity, but also muscle 
size and strength [11-15]. Additionally, BFR is typically used in conjunction with 
exercise at much lower loads and intensities than traditional exercise which offers a 
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distinct advantage for a variety of populations (Table 1). To my knowledge, there have 
been no reports documenting the use of BFR during submaximal upper-body aerobic 
exercise. Dankel and Colleagues state in a BFR review that using BFR during upper-body 
aerobic exercise “remains untested but provides an intriguing avenue for further 
research” [16]. Therefore, I will investigate the extent to which upper-body aerobic 
exercise, specifically arm cranking, can be used in conjunction with BFR. Accordingly, 
in this section I will briefly review specific target populations using BFR, the 
mechanisms of BFR, current understanding of sex differences with BFR, and blood 
pressure monitoring during BFR. 
1.2 Populations 
Training at low loads and intensities allows clinical and elderly populations, where 
high intensity exercise is often not possible or contraindicated, to maintain and regain 
physical fitness and function [17, 18]. Some of the individuals and patients that have used 
BFR include injured athletes [6], ACL reconstruction [19], Achilles tendon rupture [20], 
osteoarthritis [21], total knee arthroplasty [8] and incomplete spinal cord injuries [22, 23]. 
The use of BFR in conjunction with traditional high intensity training has also become 
more common among competitive athletes and may allow them to maintain or progress 
their training during the competition season [24, 25]. The responses to training with BFR 
have even been explored in horse [26] and rat [27] models and indicate the potential for 
improvements in muscle size and strength may exist in species other than humans. 
Expanding the use of BFR to include upper-body aerobic exercise could prove beneficial 
for individuals that specifically need to train upper-body musculature, such as wheelchair 
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users, people with shoulder and arm injuries, and cross-country skiers. Additional 
applications of BFR extend to individuals with neurological disorders [7], wounded 
soldiers [28], and has been proposed for use as a presurgical intervention [29] and even 
for astronauts during spaceflight [30, 31]. 
1.3 Mechanisms 
The acute mechanisms of BFR responsible for improved muscle function have been 
investigated with three proposed theories having gained the most traction as a potential 
explanation: 1) cell swelling, 2) accelerated fatigue and recruitment of type II muscle 
fibers, and 3) amplified metabolite buildup and mechanical strain. It is proposed [32] that 
BFR may promote an increase in cell swelling due to intracellular and extracellular water 
shifts during exercise, as well as the reperfusion of water in the tissues post BFR. Cell 
swelling is induced by localized pressure gradient changes and leads to an upregulation in 
the mTOR pathway, resulting in an increase in protein synthesis and thus, muscle size [7, 
33-35]. Type II muscle fibers are larger, consist of larger motor units, and are more 
responsive to hypertrophy compared to type I fibers [36, 37]. In general, BFR creates an 
anaerobic state in the muscle tissue, resulting in an increase in type I fiber fatigue and 
accelerated recruitment of type II muscle fibers, which leads to an increase in muscle size 
and strength [7, 34, 38, 39]. Metabolite build-up (e.g., lactate and deoxyhemoglobin) 
following exercise acts as a potent stimulus for increases in growth hormone, protein 
synthesis, and successive increases in muscle size and strength [7, 34, 35, 40, 41]. The 
application of BFR results in a decreased return of venous blood to the heart, and may 
result in an increased pooling of these metabolites in the working muscle tissue [42]. 
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Several authors [35, 42, 43] have suggested that the mechanical tension and strain 
resulting from BFR contributes to an upregulation in localized hormone production and 
protein synthesis.  
1.4 Sex Differences 
The effects of BFR in both male [44, 45] and female [46-48] populations have been 
examined; however, despite the growing popularity of BFR, the number of studies 
specifically investigating the differences in responses due to sex are limited. Previous 
groups [46, 47, 49-51] have reported using BFR in female-only cohorts; however, these 
studies were designed to observe performance and training outcomes rather than changes 
in hemodynamic or hormone responses that may occur during the different phases of the 
menstrual cycle. Sakamaki et. Al examined potential differences in BFR-induced muscle 
hypertrophy and hormone responses in women during resistance exercise. This group 
reported that estradiol and progesterone concentrations were higher during the luteal 
phase compared to the follicular phase; however, there were no acute differences in 
hematocrit or hemoglobin concentrations [52]. These results indicate that variables such 
as tissue saturation index and deoxyhemoglobin may not be heavily impacted by changes 
in the menstrual cycle. One group [48] has reported the use of BFR in females who were 
using oral contraceptives and found that growth hormone and cortisol responses were 
similar to those in men as found in previously published work. The changes in hormone 
concentrations found in these studies may have potential implications for BFR-induced 
muscle hypertrophy, specifically following longer duration training programs. The 
potential differences in the acute hemodynamic and hormonal responses due to changes 
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in the menstrual cycle still remain unclear. Counts et al. (2018) reviewed the lack of 
studies observing the different responses to BFR due to sex, and concluded that 
determining whether a sex difference exists with respect to BFR, will require a study 
specifically designed to elucidate any potential differences [53]. 
1.5 Blood Pressure 
Vascular and hemodynamic responses to BFR have been primary variables of 
interest in several reviews aimed at determining the safety of BFR in clinical populations 
[54, 55]. Additionally, BFR acutely increases blood pressure during exercise in healthy 
and clinical populations compared to the same exercise without BFR; yet, the post-
exercise hypotensive response is greater following BFR [56, 57]. Recent studies [1, 22, 
57, 58] specifically aimed at addressing the concerns regarding blood pressure responses 
to BFR have shown BFR to be a potentially safe exercise modality for a variety of 
healthy and clinical populations, and may even improve blood pressure following in 
populations with cardiovascular diseases. Despite the potential for BFR to improve health 
and performance, continued evaluation of blood pressure is integral to the safe 
application of BFR as it progresses into more widespread use by clinicians, scientists, and 
health professionals.  
 Monitoring changes in blood pressure before, during, and after exercise is 
critically important for the safety of participants as well as the efficacy of implementing 
new exercise modalities. Changes in blood pressure during exercise have been well 
documented during resistance exercise, and aerobic exercise such as walking and cycling, 
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where feasibility issues of taking blood pressure are fairly limited [59, 60]. Arm cranking 
exercise is a popular exercise modality used in laboratory and clinical settings; yet, there 
have been no groups reporting changes in blood pressure during this type of exercise to 
date [61, 62]. Obtaining blood pressure during arm cranking presents many challenges, as 
most blood pressure is traditionally measured from the brachial artery on the arm, this 
would be impractical as a method of measurement. Introducing BFR on the arms 
augments this challenge with cuffs for occlusion being applied to the arms. In order for 
changes in blood pressure to be monitored throughout this exercise modality, the 
measurement would need to be taken from the lower body. Other authors [63, 64] have 
investigated alternative measurement sites, and measuring blood pressure on the ankle 
has been observed to be a reliable measure of blood pressure while at rest. To date, no 
studies have attempted to measure changes in blood pressure at the ankle during exercise. 
In the present study I will be measuring blood pressure at the ankle in between the 
exercise intervals to monitor cardiovascular and hemodynamic changes from arm 
cranking with BFR.      
1.6 Study Rationale 
Considering the increase in popularity of BFR, the efficacy of its use across healthy, 
clinical, and athletic populations, and continued work to determine the mechanisms by 
which it improves physical health, it is imperative to continue examining the different 
paradigms with which BFR can be applied. As previously noted, the use of BFR during 
low-intensity walking and cycling has been thoroughly examined, yet, submaximal 
aerobic upper-body exercise has not been documented. I aimed to evaluate the acute 
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physiological responses to aerobic arm cranking with BFR in order to contribute to the 
understanding of acute responses to aerobic BFR and aid in the standardization of 
occlusion pressures used in practice. Additionally, my research will encourage the 
development of a training program involving this novel exercise modality which has 




Aerobic exercise with blood flow restriction (BFR) has seen tremendous growth 
as a novel form of exercise in the past decade. This mode of exercise involves placing a 
pressurized cuff around the legs while walking or cycling at submaximal (<50% VO2max) 
intensities. Researchers and practitioners are using BFR with aerobic exercise and a 
recent position stand highlighted the efficacy of using this exercise mode with healthy, 
athletic, and clinical populations [1, 5, 58]. Traditionally, improvements in muscular size 
and strength require performing resistance exercise at 60-80% of an individuals’ one 
repetition maximum [65]. Interestingly, many authors [3, 11, 13, 15] have demonstrated 
that performing low-intensity walking and cycling with BFR for 3-6 weeks is an effective 
method for improving muscular size, strength and aerobic capacity. These results suggest 
a unique 2-for-1 benefit from aerobic exercise with BFR [15].  
To date, the acute physiological responses to lower-body aerobic exercise with 
BFR have been extensively examined to determine the potential mechanisms underlying 
the observed adaptations to training (for an extensive review see reference [5]). In 
general, walking and cycling with BFR increases cardiorespiratory strain (heart rate VO2, 
RER, ventilation) and perceived exertion compared to aerobic exercise without BFR. 
Aerobic exercise with BFR also induces greater metabolic tissue stress as indicated by 
changes in deoxyhemoglobin (HHb), blood lactate, and tissue oxygen saturation (TSI) [4, 
41]. The increase in TSI and decrease in HHb observed in active muscle tissue are 
important markers for local hypoxia and metabolic stress [4, 35, 44, 66, 67]. These 
physiological stress signals are proposed to serve as potent stimuli to promote the 
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muscular and aerobic adaptations which result from BFR training [3, 40, 66]. The current 
understanding of the acute responses to aerobic exercise with BFR remains somewhat 
limited, and there are common exercise modalities, specifically upper-body aerobic 
exercise, which have yet to be used in conjunction with BFR.   
Upper-body aerobic exercise, such as arm cranking, is a widely used exercise 
modality for clinical and athletic populations [61, 62]. It is important to note several key 
differences between upper-body and lower-body musculature that can alter responses to 
exercise. Specifically, upper-body musculature is comprised of a smaller muscle mass 
and metabolizes substrates differently from the lower-body [68]. In addition, maximal 
heart rate and VO2 are lower in upper-body exercise [68, 69]. Considering these 
differences, it is uncertain if aerobic exercise with BFR will elicit similar physiological 
responses in the upper-body as those observed in the lower-body. Two groups [70, 71] 
have reported acute physiological responses to supramaximal arm cranking with BFR. 
These authors reported notable increases in VO2, heart rate, HHb concentration, blood 
lactate, and perceived exertion, as well as decreases in TSI with BFR compared to arm 
cranking without BFR. These responses were investigated at supramaximal intensities, 
consequently, the implications are primarily for athletes [70, 71]. To date, there have 
been no published studies documenting the physiological responses to low-intensity arm 
cranking exercise with BFR which could have potential use for individuals where high-
intensity exercise is contraindicated. Athletes could also benefit from implementing low-
intensity arm cranking with BFR in conjunction with traditional high-intensity training 
[24].   
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Thus, the purpose of this study was to evaluate acute physiological responses to arm 
cranking with and without BFR at varying arterial occlusion pressures (AOP). Responses 
were evaluated during four arm-cranking conditions: low load (LL) – 40% of VO2peak and 
0% AOP; high load (HL) – 80% of VO2peak and 0% AOP; (BFR50) – 40% of VO2peak 
with 50% AOP; (BFR70) – 40% of VO2peak with 70% AOP. I hypothesized that arm 
cranking with BFR would: 1) increase cardiorespiratory strain (heart rate, VO2, RER, 
ventilation) and perceived exertion and 2) elicit greater metabolic stress (increased HHb 
concentration and decreased TSI) compared to LL. Additionally, I hypothesized that 






Ten healthy adults (8 men, 2 women) between the ages of 18-44 yrs who self-
reported regular (2-3 days/wk) upper-body exercise (e.g., weight training, cross-country 
skiing, rock climbing) volunteered for this study (anthropometric and demographic 
information presented in Table 2). Participants were screened and excluded if they 
reported using nicotine products, had any cardiopulmonary disorders, diabetes, or upper-
body musculoskeletal injuries within the past 6 months which could interfere with their 
ability to safely perform the exercise protocol. Females were excluded if they were using 
oral contraceptives. Participants were informed of the purpose and risks of this study and 
gave informed written consent before beginning the study. The experimental protocol and 
procedures were approved by the Michigan Technological University Institutional 
Review Board (#1139134). 
3.2 Experimental Overview 
This study used a single group, within-subject, repeated measures design. After 
providing consent, participants completed 2 familiarization visits followed by 4 
experimental visits (Figure 1). At the beginning of both familiarization sessions, resting 
blood pressures and heart rate were recorded with an automated sphygmomanometer 
(Omron HEM-907XL, Omron Health Care Inc., Lake Forest, IL, USA). During the first 
familiarization visit age, height, and body mass were recorded, followed by the 
determination of brachial Arterial occlusion pressure (AOP) and a steady-state arm 
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cranking trial to establish the power – oxygen consumption relationship required to 
determine the exercise intensity for each arm cranking condition. Participants then 
performed an arm cranking with BFR familiarization trial where they arm cranked with 
the nylon cuff placed on both arms and inflated to 50 and 70 percent of their AOP for 2 
minutes each with a 1-minute rest between, during which the cuffs were deflated.  
Participants returned a minimum of 24 hours later where whole-body composition 
was analyzed via dual-energy-X-ray absorptiometry (DEXA; Discovery QDR, 
Marlborough, MA, USA). After, participants completed a graded exercise test to 
establish their arm cranking VO2peak and maximal aerobic power (Wpeak). Participants 
then completed the 4 exercise conditions with and without BFR, separated by a minimum 
of 48 hours where they performed 6 sets of 2 minutes of arm cranking with a 1-minute 
rest between each set. Participants were asked not to perform vigorous physical activity, 
use alcohol or drugs for 12 hours prior, or eat immediately prior to exercise trials. 
Condition order was randomized for each participant and throughout each condition 
physiological responses (metabolic, cardiorespiratory, perceptual) were recorded. 
3.3 Arterial Occlusion Pressure 
Participants sat upright with their right arm resting on a table such that their arm 
was fully extended and abducted 90 degrees with their hands supine. A 5cm wide nylon 
pneumatic cuff and inflator (Hokanson, Bellview, WA, USA) was placed proximally on 
the arm and the ultrasound probe placed distal to the cuff and medial to the biceps brachii 
over the brachial artery. Brachial artery blood velocity was measured with a Doppler 
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ultrasound system (Logiq e BT12, GE Healthcare, Chicago, IL, USA) equipped with a 
linear array transducer operating at an imaging frequency of 12 MHz and Doppler 
frequency of 5 MHz. The cuff pressure was initially set to 75 mmHg and slowly 
increased until brachial artery blood velocity reached zero, based on the absence of the 
Doppler spectrum. The minimum pressure that resulted in the absence of the Doppler 
spectrum was recorded as the AOP. This procedure was repeated 5 times with 2 minutes 
separating each measurement with the cuff deflated. The average of the 5 values required 
to occlude brachial artery blood velocity were recorded as the AOP. Using the Statistical 
Package for the Social Sciences Software Version 13.0 (SPSS Inc., Chicago, IL) a two-
way repeated measures ANOVA indicated that in-house AOP measurements were 
consistent for each day (Table 2) stable across days (Table 3), and precise (COV = 
2.81%), and are in line with the literature [72]. 
3.4 Oxygen Consumption and Aerobic Capacity 
Participants performed a submaximal steady-state arm cranking trial and maximal 
graded arm cranking exercise tests separated by a minimum of 24 hours. Both tests 
included a 5-minute baseline where participants sat quietly while expired gasses were 
measured. The submaximal arm cranking trial began at 20 W and increased every 4 
minutes for 4 total stages. The power was increased each stage by 10 W for women and 
20 W for men, however, if the third set elicited a perceived effort greater than 12 [73] 
then the power for the last stage was increased by 5 W and 10 W instead. The maximal 
arm cranking test began at 20 W and increased by 10 W every minute for women, and 
began at 30 W and increased by 20 W every minute for men, until voluntary termination 
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or task failure as indicated by the inability to maintain between 60-70 rpm on the arm 
crank ergometer (Velotron Elite; RacerMate Inc., Seattle, WA, USA) despite verbal 
encouragement. Oxygen consumption (VO2), carbon dioxide production (CO2), minute 
ventilation, and respiratory exchange ratio (RER) were measured using open circuit 
spirometry (True Max 2400, Parvo Medics, Sandy, UT, USA). The metabolic 
measurement system was calibrated with a 3-L calibration syringe (Hans Rudolph, 
Kansas City, MO, USA) using gases of known concentrations (16.00% O2, 4.00% CO2, 
balanced N2). Heart rate data were measured continuously with a Polar transmitter placed 
directly on the participant with a hypoallergenic electrode gel over the contact points 
(Polar Electro, OY, Kempele, Finland). Gas exchange and heart rate data were averaged 
every 30 s throughout both submaximal and maximal tests and the highest 30 s average 
of VO2peak and heart rate reached during the test were recorded. The final power reached 
during the maximal arm cranking test was recorded as Wpeak. This value was plotted with 
the 4 submaximal VO2 – power data points and a linear relationship was interpolated to 
calculate the power outputs eliciting 40% and 80% of VO2peak that were used during the 
exercise trials. 
3.5 Upper Body Exercise with Blood Flow Restriction 
After 2 days of familiarization, participants performed 4 exercise trials of 6 sets of 
2 minutes of arm cranking with 1-minute rests in between. The participants were placed 
in a standardized position relative to the ergometer such that (1) the crank axle was just 
below the level of the heart, (2) the elbow was comfortably extended when the cranks 
were horizontal (~160°) and (3) their hip and knee joints were both approximately 90° 
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and supporting the torso. Conditions for each exercise trial were low load (LL) – 40% of 
VO2peak and 0% AOP; high load (HL) – 80% of VO2peak and 0% AOP; (BFR50) – 40% of 
VO2peak with 50% AOP; (BFR70) – 40% of VO2peak with 70% AOP. Condition order was 
randomized, separated by a minimum of 48 hours, and completed at approximately the 
same time of day. A 5cm pneumatic cuff was placed on both arms at the most proximal 
location possible and occlusion was maintained at the designated pressure throughout all 
exercise and rest portions of the test and was deflated immediately at the end of the 6th 
exercise set (Hokanson, Bellview, WA, USA). The cuff was inflated after a 5-minute 
baseline for 1-minute prior the start of exercise. In the conditions without occlusion there 
was a 1-minute continuation of baseline as a sham cuff-inflate. 
3.6 Cardiorespiratory, Metabolic, and Perceptual Variables 
Heart rate, gas exchange, and ventilation data were recorded using the metabolic 
measurement system described above, and averaged over the last 30 s of each exercise 
and rest interval. Blood lactate concentration was collected from the earlobe during 
baseline and 1 minute after the final exercise interval and the cuffs were deflated (5 μl, 
Lactate Plus; Nova Biomedical, Waltham, MA, USA). During the last 30 seconds of each 
stage of the protocol (baseline, rest, exercise) participants were asked to report their 
whole-body and arm-specific perceived exertion (RPEbody, RPEarms) on a 6-20 Borg scale 
[73], as well as their rating of perceived pain on a 0-10 graphic pain scale. Blood pressure 
was recorded on the ankle at baseline, during each rest interval, immediately after the end 
of the final exercise interval, and 5 min after the final exercise interval. The blood 
pressure cuff was placed with the artery marker just superior and posterior to the medial 
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malleolus to measure pulsations from the posterior tibial artery. This method has been 
documented as a valid way to measure blood pressure at rest [63]. 
3.7 Tissue Perfusion 
Concentration of total hemoglobin (THB), oxyhemoglobin (OHB), and 
deoxyhemoglobin (HHb) were recorded utilizing a functional near-infrared spectroscopy 
(NIRS) device (Oxymon MKIII; Artinis Medical Systems, Einsteinweg, Netherlands). 
The sensor was placed over the lateral head of the triceps brachii at half the distance 
between the olecranon process of the ulna and the posterior crista of the acromion with 
the participant seated upright and their arm abducted 90 degrees with 90 degrees of elbow 
flexion [74]. The placement site was prepared by shaving skin if necessary, cleaned with 
an alcohol wipe before attaching the sensor with medical tape, and covered with an 
elastic Velcro wrap to ensure no ambient light reached the sensor. Data was recorded at 
10 Hz and averaged over the last 10 seconds of each stage of the protocol. THB and 
changes in OHB and HHb were recorded throughout each session. Tissue Saturation 
Index (TSI) represents the oxygenation of the tissue and was calculated as: (%) = 
(OHB/THB) * 100. The baseline measurements of TSI using this method in our 
laboratory did not differ across conditions, indicating our measurements were reliable 
(Table 3), and consistent with the literature [75]. 
3.8 Statistical Analysis 
  Separate one-way repeated measures analysis of variance (ANOVA) procedures 
were used to asses any differences in cardiorespiratory (heart rate, VO2, RER, 
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ventilation), tissue perfusion (TSI, HHb), and perceptual (RPEbody, RPEarms, Pain) 
variables during 1) baseline and 2) cuff inflate. Separate two-way repeated measures 
ANOVA procedures were then used to assess the effects of arm-cranking condition and 
time (exercise and rest intervals) on the same variables. If a significant main effect of 
arm-cranking condition was found, subsequent Fisher’s least significant difference post-
hoc tests were used to determine where the differences occurred. If a significant main 
effect of condition or time was found for TSI, HHb, or pain, the exercise and rest 
intervals were pooled separately, and paired sample t-tests were used to analyze simple 
main effects between these time points.  
A repeated measures ANOVA was used to analyze an interaction between arm-
cranking condition and time (baseline and post-exercise) on blood lactate. If a significant 
interaction was found, separate 2 x 2 ANOVA procedures were run to determine where 
the interactions occurred between each arm-cranking condition from baseline to post-
exercise. Separate one-way repeated measures analysis of variance (ANOVA) procedures 
were used to asses any differences in ankle systolic, diastolic, and MAP across baseline, 
cuff inflate, rest intervals (following all 6 exercise intervals), and post exercise (5-min 
after final exercise interval). If a significant main effect of arm cranking condition was 
found, then additional Fisher’s least significant difference post hoc tests were run to 
determine where the differences occurred.  
HHb and pain data were pooled into separate rest, exercise, and overall exercise 
protocol (E1-E6) groups. Bivariate correlations were implemented to determine the 
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relationship between HHb and pain. Pearson’s correlation coefficients (r) were 
interpreted in accordance with recommendations by Hinkle and Colleagues [76]. 
Statistical procedures were completed using IBM SPSS 25 (Chicago, IL, USA). Data are 




4.1 Arm Cranking Trials  
The relative and absolute VO2peak achieved were 34 ± 8 ml/kg/min and 2.5 ± 0.8 
L/min. The Wpeak reached during the maximal graded arm cranking test was 165 ± 47 W. 
Mean power output for the LL, BFR50, and BFR70 conditions was 44 ± 21 W and 117 ± 
45 W for the HL condition. Average AOP was 155 ± 19 and mean cuff pressures for the 
BFR50 and BFR70 conditions were 79 ± 10 mmHg and 110 ± 13 mmHg. All participants 
successfully completed the experimental protocol for each condition while maintaining 
60-70 rpm on the arm crank ergometer. 
4.2 Cardiorespiratory and Metabolic Responses 
Values at baseline and cuff inflate for heart rate, VO2, RER, and ventilation did not 
differ across conditions (all P > 0.05). The two-way repeated measures ANOVA 
procedures revealed significant main effects of arm cranking condition (all P < 0.01) and 
time (all P < 0.01) as well as an arm cranking condition x time interaction (all P < 0.01) 
for heart rate, VO2, RER, ventilation, and lactate. In general, heart rate was greater in the 
HL and BFR70 conditions compared to LL (both P < 0.05) but did not differ between 
BFR50 and LL conditions (P = 0.26, Figure 2a). Overall, VO2 was greater during HL 
compared to all other conditions (all P < 0.01) and did not differ between LL, BFR50, or 
BFR70 (all P > 0.05). Across the conditions, ventilation was greatest in HL, followed by 
BFR70, BFR50, and LL successively (all P < 0.01). Due to the alternating nature of the 
arm-cranking protocol, cardiorespiratory responses (heart rate, VO2, RER, ventilation) 
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presented a distinct “sawtooth” shape (Figure 2). Blood lactate increased to a greater 
extent in the HL condition compared to all other conditions (P < 0.01). Additionally, 
blood lactate increased to a greater extent during BFR70 compared to LL (P < 0.05) and 
tended (P = 0.07) to increase more than BFR50. The change in lactate did not differ (P = 
0.38) between BFR50 and LL conditions. 
4.3 Tissue Perfusion 
As expected, the results of the one-way repeated measures ANOVA procedures 
revealed that TSI and HHb did not differ at baseline or cuff inflate (all P > 0.05). The 
two-way repeated measures ANOVA for TSI and change in HHb indicated significant 
effects of arm cranking condition (both P < 0.01) and time (both P < 0.05) as well as an 
arm cranking condition x time interaction (both P < 0.05). Across the exercise protocol 
(E1, R1, E2,…E6) TSI was lower during both BFR conditions (P < 0.01), followed by 
HL (P < 0.05) when compared to LL arm-cranking. Throughout the exercise protocol 
HHb increased in the HL and BFR50 conditions (P < 0.01) and further increased in 
BFR70 (P < 0.01) compared to LL arm cranking. Subsequent analyses revealed during 
the exercise intervals TSI and HHb did not differ between HL and either BFR condition 
(all P > 0.05). During rest intervals TSI decreased during BFR conditions and further 
decreased with increased pressure compared to LL (all P < 0.05). HHb concentrations 




4.4 Perceptual Responses 
Results from the one-way repeated measures ANOVA revealed no difference in 
perceptual variables (RPEbody, RPEarms, pain) at baseline or cuff inflate (all P > 0.05). The 
repeated measures ANOVA procedures for perceptual variables revealed significant main 
effects for arm cranking condition (P < 0.01) and time (P < 0.01) as well as a condition x 
time interaction (P < 0.01). Overall, RPEbody and RPEarms was greater in HL than all other 
conditions (both P < 0.01). RPEarms increased as cuff pressure increased (P < 0.05) and 
RPEbody was not different (P > 0.05) between LL or BFR conditions. In general, pain 
increased with cuff pressure during arm cranking BFR compared to LL (P < 0.05) and did 
not differ (P=0.43) between HL and BFR70 conditions. Likewise, during exercise 
intervals pain followed a similar trend; however, pain during the rest intervals was greater 
in BFR70 compared to all other conditions (P < 0.05, Figure 4). The bivariate correlation 
analyses indicated that there was a moderate relationship between pain and HHb during 
exercise (r = 0.53), rest (r = 0.55), and overall exercise protocol (E1-E6) (r = 0.49, all P < 
0.01). 
4.5 Blood Pressure 
Resting ankle systolic, diastolic, and MAP were 180 ± 13, 122 ± 10, and 142 ± 9 
mmHg. Of the 240 ankle blood pressure measurements taken after the exercise intervals, 
201 (~84%) were successful, while the remaining were unsuccessful, likely due to motion 
artifact. When this occurred, the measurement was marked as an error and the exercise 
protocol continued unchanged. The one-way repeated measures ANOVA revealed no 
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changes in ankle systolic, diastolic, and MAP across baseline, cuff inflate, rest, and post 




In the current study, I examined the acute physiological responses to submaximal 
arm-cranking with BFR to better understand the efficacy and feasibility of utilizing BFR 
during this exercise modality. The main findings supported my hypotheses that in 
general, arm-cranking with BFR: 1) resulted in higher cardiorespiratory strain compared 
to LL but was lower than HL arm-cranking, 2) increased metabolic stress (as reflected by 
the increased TSI and decreased HHb) compared to LL arm-cranking, and 3) increased 
perceived exertion and pain compared to LL arm-cranking. Collectively these results 
indicate arm-cranking with BFR is well tolerated and could have potential to be a useful 
exercise modality to improve upper-body physical function. 
5.1 Upper Body Exercise with Blood Flow Restriction 
To date, there are over 35 studies observing the chronic and acute effects of aerobic 
exercise with BFR in the lower body (i.e., submaximal cycling or walking exercise). To 
the best of our knowledge, we are the first group to report the physiological responses to 
BFR with submaximal aerobic upper body exercise. For our protocol, we used 
intermittent arm cranking performed at 40% of VO2peak with moderate occlusion 
pressures of 50 and 70% which are within the recommended range for occlusion pressure 
(40-80%) [1]. All participants were carefully familiarized with this modality prior to 
performing the experimental visits. Importantly, these participants were able to complete 
all of the intervals in both arm cranking BFR conditions and tolerated the exercise 




5.2 Cardiorespiratory and Metabolic Responses 
The application of BFR during arm-cranking resulted in small but significant 
increases in heart rate, RER, and ventilation. During the highest pressure, BFR tended to 
elevate heart rate compared to LL (~10 bpm) but was significantly lower than HL (~40 
bpm). BFR70 also caused ventilation to increase compared to LL (~2 L/min), and both 
ventilation and heart rate increased as cuff pressure increased and remained much lower 
than HL. RER increased with BFR compared to LL but did not increase appreciably as 
cuff pressure increased. VO2 did not increase with BFR compared to LL and was lower 
(~11 mL/kg/min) than HL arm-cranking. The small increases in heart rate, HR, RER, and 
ventilation indicate that BFR only slightly elevated cardiorespiratory strain. Our results 
are generally consistent with those reported from walking and cycling [4, 15, 77, 78] 
which have observed increases in heart rate, VO2, RER, and ventilation with BFR, and 
typically remain at levels below high intensity. The increases in these variables during 
lower-body exercise are, however, typically greater than what was observed in the current 
study. These discrepancies are likely due to the smaller active muscle mass in the upper-
body which requires lower cardiorespiratory demand than the larger muscle mass active 
during lower-body exercise [3, 4]. Additionally, the alternating 2 min exercise bouts in 
this study were not long enough to achieve a steady state, which may explain the different 
responses observed in this study. Lactate values did not increase with BFR, which has 
been observed in other studies [32]; however, is not a unanimous finding with 
submaximal BFR [5]. Taken together, the results from this study, along with those 
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involving the lower body, indicate that aerobic exercise with BFR increases 
cardiorespiratory demand compared to LL exercise without BFR.  
5.3 Tissue Perfusion 
Overall, arm-cranking with BFR decreased TSI to a greater extent than conditions 
without BFR. TSI did not recover during the rest intervals to the extent seen without 
BFR, both of these findings are consistent with changes in TSI reported during lower-
body exercise [4, 22]. In general, HHb concentrations increased to a greater extent with 
BFR. Moreover, during the rest intervals of BFR70, HHb concentrations continued to 
increase, whereas it decreased during all other conditions. Other groups using intermittent 
exercise protocols have observed a similar increase in HHb during rest intervals with 
BFR [66, 79]. Interestingly, the continued increase in HHb concentration during the rest 
intervals of the BFR70 condition was not observed at the lower occlusion pressure in 
BFR50. This is consistent with a previous study which reported that HHb did not increase 
further at rest with 60% occlusion but did increase further at 80% [80]. These 
corroborated findings indicate that there may be an occlusion threshold which impedes 
venous blood flow out of the limb. Additionally, HHb concentrations decreased during 
the exercise intervals of the BFR70 condition, compared to all other conditions where it 
increased. This is likely due to the skeletal muscle pump facilitating the ejection of the 
venous blood and HHb out of the arms that accumulated to a greater extent during the 
rest intervals. Taken together, these results indicate a possible benefit to continuous cuff 
inflation during rest intervals or intermittent exercise with BFR, as the increase in HHb 
concentration has been suggested to reflect metabolite accumulation [44, 81, 82]. 
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Accordingly, increased metabolic stress has been suggested to be an important 
mechanism for improved skeletal muscle hypertrophy and performance [35, 82]. In all, 
this study contributes to previous findings in the lower body, that aerobic exercise with 
BFR increases metabolic stress, as marked by an increase in HHb concentration. 
Furthermore, increases in cuff pressure tend to align with greater metabolic stress, 
especially during the rest intervals.  
5.4 Perceptual Responses 
As expected, arm-specific and whole-body effort, along with pain, increased with 
BFR. Importantly, even at the higher occlusion pressure BFR70 was tolerated well and 
elicited pain responses similar to the HL condition (up to 3 on 0-10 pain scale). The 
addition of BFR to low-intensity exercise has been suggested to increase perceived 
exertion and pain; however, a specific mechanism for the cause of these perceptual 
responses has not been elucidated [83]. Overall, there was a moderate, positive 
relationship between the change in pain and HHb [76]. These findings suggest a potential 
mechanism responsible for increased pain with BFR may be the corresponding increase 
in metabolic stress, as indicated by an increase in HHb concentration [44]. A similar 
relationship between overall metabolite concentration and pain has been previously 
demonstrated [67]. The trend for pain to increase with BFR during the rest intervals may 
be attributed to the enhanced localized metabolite accumulation as indicated by the 
continued increase in HHb during the rest intervals of the BFR70 condition. The possible 
link between HHb and pain could have implications for cuff pressures used during BFR. 
Using an optimal pressure that results in sufficient metabolic stress to promote muscle 
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adaptation while minimizing perceived pain may prove to be a key element to widespread 
implementation of BFR in clinical or athletic settings.  
5.5 Ankle Blood Pressure 
Several groups [54, 55] have expressed concerns regarding the safety of BFR with 
clinical populations, such as those with cardiovascular disease. To address these 
concerns, it is critical to monitor changes in hemodynamic responses, such as blood 
pressure, to evaluate the safety and efficacy of BFR. Traditional methods of blood 
pressure measurement (e.g. auscultation at the brachial artery) are not possible during 
arm-cranking exercise, additionally, they are not feasible during upper-body BFR due to 
the location of the cuffs. We circumvented this by characterizing the changes in blood 
pressure observed at the ankle during exercise. Resting ankle pressures were measured in 
a seated position to mimic the position it would be taken during the rest intervals of the 
exercise protocol. Resting ankle MAP was 142 mmHg and resting brachial MAP was 88 
mmHg, a normal range for brachial MAP. Traditionally, ankle arterial pressure is 
measured supine, at rest, and with doppler ultrasound by clinicians as a proxy for 
peripheral artery disease [84]. Previous groups that reported resting MAP values at the 
ankle compared to the arm reported generally elevated (~ 8 mmHg), yet consistent values 
and consider it a valid measurement while supine at rest [63]. The discrepancies between 
findings is likely due to the additional hydrostatic pressure at the ankle while seated 
compared to supine.  Henley and Colleagues observed increases in ankle MAP with 
postural changes, specifically with increased backrest elevation [64]. The results from our 
study support these findings. In this study, submaximal arm-cranking with BFR increased 
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ankle MAP by approximately 2 mmHg and was not notably different between conditions 
(all P > 0.05) across any time points. Previous authors report average increases in MAP 
of 10 mmHg during submaximal treadmill walking [85] and 15 mmHg during cycling 
[15]. In all, MAP in the ankle may be a useful surrogate marker for hemodynamic 
changes when traditional measurements are not feasible, but more work is needed to 
confirm this finding. 
5.6 Implications 
Occlusion pressures of 50 and 70% used in this study were feasible, well tolerated, 
and consistent with the BFR position stand recommending pressures between 40 and 80% 
[1]. Moving forward, we suggest that an occlusion pressure of 60% be used for training 
purposes. We believe this pressure would strike an ideal balance of sufficient metabolic 
stress necessary to promote beneficial fitness adaptations, without excessive 
cardiorespiratory strain or pain. A critical next step to establish the potential benefits of 
arm cranking with BFR is to implement a training study with healthy adults. Considering 
the results from the current study alongside previous BFR training studies (e.g., cycling), 
arm cranking BFR training could offer a potent stimulus to increase upper-body muscle 
size and strength (e.g., elbow flexors and extensors). Characterizing changes in muscle 
size, strength, and aerobic performance as a result of chronic arm cranking BFR training 
is a critical step to add to the results in the current study. Arm cranking with BFR could 
have implications for both clinical and athletic populations. For example, clinical 
populations where high intensity upper-body exercise is not feasible or contraindicated, 
such as wheelchair users and those going through shoulder and arm rehabilitation, may 
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still be able to exercise these muscles by arm-cranking with BFR. Many athletic 
populations may also benefit from this exercise modality, specifically those who require 
additional upper-body training such as America’s cup sailors and cross-country skiers. 
Additionally, the short duration of each session of arm-cranking with BFR (<20 mins of 
exercise) would be an appealing consideration for individuals who do not have the 
resources or time for high-intensity (e.g., weightlifting) or long duration (e.g., biking, 
running) exercises typically required to maintain or promote overall health and fitness. 
5.7 Limitations 
This study had several limitations to be noted. Arm-cranking involves a significant 
amount of muscle activity in the shoulders and torso, which were not directly occluded 
by the cuffs placed proximally on the arms. This likely dilutes some of the true 
differences in the physiological responses observed in the present study. The systemic 
and hormonal effects of BFR on the non-occluded musculature proximal to cuff 
placement has been previously examined [16], and it is likely BFR has an affect on these 
muscles; however, this was not examined in this study.  
The upper-body specific fitness level varied greatly between participants, noted by 
the wide range in VO2peak (23 – 51 ml/kg/min) and Wpeak (100 – 230 W) reached. 
Consequently, the range of 80% workloads for the HL condition also varied greatly (65 – 
180 W). These differences resulted in a greater variation in perceived pain, VO2, and 
ventilation, which is most prominent in the standard deviations in Figure 4. All 
individuals participated in some form of upper body exercise on a regular basis; however, 
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the modality of their usual exercise may have different levels of carry-over for 
performance during arm cranking. For instance, participants who were recreational rock 
climbers (3-5 days/wk) tended to have lower cardiorespiratory parameters (VO2, 
ventilation) than the participants who were high level cross-country skiers and bikers. 
Future studies should more closely control for the fitness level of participants when using 
less familiar exercise modalities such as arm cranking.  
Another limitation to this study is the unequal gender distribution of the 
participants and lack of control for sex differences. We excluded female participants if 
they were not utilizing oral contraceptives and did not attempt to control for what stage of 
the menstrual cycle they were in at the time they completed each exercise condition. Due 
to the novelty of this exercise modality having never been used in conjunction with BFR, 
the primary outcome variables of this study are the cardiorespiratory, metabolic, and 
perceptual variables necessary to validate this exercise modality as feasible to implement 
with BFR. Although sex differences are not a primary outcome variable of this research, 
we hope any data with the females in our cohort may aid in any future research 
attempting to specifically investigate differences due to sex.  
The NIRS device has been shown to have several limitations worth acknowledging. 
First, individuals with adipose tissue thickness greater than 1.5cm have been shown to 
decrease signal quality of the device; second, the signal may become desaturated during 
exercise [86]. Most participants were relatively lean (body fat, 22 ± 8%), however more 
specific measurements of triceps adipose thickness (e.g. ultrasound imaging) were not 
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used for this study. Consistent baseline values and a fit factor above 98% on the NIRS 
device were confirmed to ensure signal quality at baseline and throughout the exercise 
protocol. 
Monitoring blood pressure during arm-cranking proved to be a unique challenge 
and was not feasible during the actual exercise interval due to movement artifact resulting 
in errors on the automated sphygmomanometer. Additionally, not all blood pressure 
measurements at the ankle were successful and resulted in error readings despite our best 
efforts to encourage participants to stay as still as possible during the rest intervals. 
Despite this, we were still able to successfully obtain approximately 85% of ankle 
measurements taken during the rest intervals and believe this data aids in characterizing 
changes in the hemodynamic responses to arm-cranking both with and without BFR. 
5.8 Conclusion 
Arm cranking with BFR resulted in higher cardiorespiratory strain and perceived 
effort than LL, but less than HL arm cranking with moderately increased pain. 
Furthermore, arm cranking with BFR increases metabolite build-up similar to HL and 
notably more than LL arm cranking. I interpret my results to suggest that the increase in 
metabolic stress from arm cranking with BFR may provide a potent stimulus for 
augmenting training adaptations, without excessive cardiorespiratory strain or discomfort. 
Additional research is necessary to determine the ideal cuff pressure and training volume 
required to optimize the potential benefits of this novel exercise modality, while 
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minimizing pain. This will elucidate how to implement this exercise as a mode of training 




5.9 Tables and Figures 
 





Loenneke et al., 
2012 
Healthy, Active 11 
↑ Size + Strength 
similar to HIT 
training 
Silva et al., 
2019 
Athletes, Healthy 
Young, Obese, Elderly 
35 
↑ 5-13% Muscle size 
↑ 5-10% VO2max 









Hughes et al., 
2017 
Rehabilitation 33 
↑ 5-20% Strength 
↑ 3-10% Muscle size 
↑ 5-15% Functional 
tests 
Barber-Westin 
et al., 2018 
Knee Pathology 9 
↑ 10-30% Muscle 
Strength 
↑ 3-10% Muscle Size 




Table 2: Assessment of Arterial Occlusion Pressure Reliability - Internal Consistency 
Internal Consistency 








Day 1 0.997 0.994 0.999 0.28 1.32 
Day 2 0.994 0.984 0.998 0.23 1.49 





Table 3: Assessment of AOP and TSI Reliability - Mean Stability 
Mean Stability 








AOP 0.990 0.908 0.992 0.21 1.73 





Table 4: Participant Demographics 
Age 25 ± 6 
Height (cm) 176 ± 11 
Body Mass (kg) 75 ± 12 
BMI 24 ± 4 
Total Body Fat (%) 22 ± 8 
Upper Body Lean Mass (kg) 33 ± 5 
Brachial Systolic Pressure (mmHg) 123 ± 11 
Brachial Diastolic Pressure (mmHg) 71 ± 6 
Brachial Mean Arterial Pressure (mmHg) 88 ± 7 





Figure 1: Overview of experimental protocol. cardiorespiratory, metabolic, and 





Figure 2: Changes in heart rate (A), VO2 (B), RER (C), and ventilation (D), throughout 
the arm cranking protocol. Significant main effect of condition listed above figure, ≈ (P > 
0.05), < or > (P < 0.05). Data are reported as mean for each time point during the 
protocol with standard deviation bars removed for clarity. Overall condition (E1, R1, E2, 





Figure 3: Alterations in tissue saturation index (A), and concentrations of 
deoxyhemoglobin (B) throughout the arm cranking condition. Significant main effect of 
condition listed above figure, ≈ (P > 0.05), < or > (P < 0.05). Data are reported as mean 
for each time point during the protocol with standard deviation bars removed for clarity. 
Overall condition (E1, R1, E2, ... E6) averages are reported as mean ± standard deviation 
to the right of each figure. Average values for tissue saturation index (A) and 
concentrations of deoxyhemoglobin (B) during baseline, cuff inflate, pooled exercise, and 
pooled rest time points. Tissue saturation index and concentrations of deoxyhemoglobin 
different (P < 0.05) from LL, HL, BFR50, and BFR70 are indicated by A, B, C, D. Data are 






Figure 4: Changes in whole-body exertion (A), arm specific exertion (B), and pain (C) 
throughout the arm cranking protocol. Significant main effect of condition listed above 
figure, ≈ (P > 0.05), < or > (P < 0.05). Data are reported as mean for each time point 
during the protocol with standard deviation bars removed for clarity. Overall condition 
(E1, R1, E2, ... E6) averages are reported as mean ± standard deviation to the right of 




Figure 5: Average ankle mean arterial pressures during baseline, cuff inflate, pooled rest 
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A Grants Submitted 
A.1 Michigan Space Grant Consortium 
Background: By signing Space Policy Directive 1, President Trump has set the 
foundation for sending humans to Mars. This exciting initiative means astronauts will 
need to be prepared for a 3-year trip into space. This journey, however, will have a 
drastic impact on the human body; up to 40% of muscle and 25% of bone could be lost.4 
These losses will effect an astronaut’s ability to adequately and safely meet the increased 
physical demands of the work in space, as well as have potentially fatal consequences for 
the return to Earth’s atmosphere.4,9 Atrophy of lower-body and postural muscles while in 
space places a greater demand on the upper-body muscles. This will make already 
demanding tasks, ranging from maneuvering inside the shuttle, to Extra-Vehicular 
Activities (EVA) work outside, even more challenging.4 In an attempt to combat these 
demands, astronauts are allotted 2.5 hours a day for exercise, however, resistance training 
(weight lifting) is difficult and the machines used are cumbersome, expensive, and a 
separate machine is required for aerobic training (endurance exercises such as running 
and cycling).3,4 Furthermore, these current countermeasures are not fully adequate to 
prevent the muscle atrophy that accompanies long-term exposure to long-term space 
flight.7,9 It is therefore critical that the most efficient aerobic and resistance training 
countermeasures be taken in order to maintain astronaut health, safety and productivity 
both during and after spaceflight. This project will specifically focus on developing better 
exercises for conditioning upper-body muscles, which could have implications for 
astronauts that need to perform demanding work-related tasks. 
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Project Description: An emerging area of study, blood flow restricted exercise training 
(BFR), has shown preliminary results of providing improvements to both 
cardiorespiratory fitness and muscle size and strength during aerobic exercise.3,8 
Specifically, BFR involves exercising with blood pressure cuffs to limit the venous return 
of blood from the limbs being exercised, and can be performed during walking and 
cycling tasks.1,2,3,8 This means that exercising at a low load, such as 30% of maximal 
cardiorespiratory capacity (VO2 peak) during aerobic exercise, results in a higher 
accumulation of metabolic byproducts than normal exercise at this intensity. The 
resulting increase in the build-up of metabolites, for example, hydrogen ions, in the 
muscle tissue acts as a powerful stimulus for the increase in capillary density, VO2 Peak, 
production of growth hormone and subsequent muscle tissue growth.1,2 Current data 
surrounding the benefits of BFR has only been done with regard to the lower limbs. Thus, 
upper-body aerobic exercise with BFR remains untested.1,2,3,8 
Aim: The question I will to answer with this research is: What are the physiological 
responses to upper-body aerobic exercise with blood flow restriction? This research will 
involve determining the metabolic, cardiorespiratory, and perceptual responses to acute 
upper-body aerobic exercise with BFR. These results will lay the foundation for further 
research involving these exercise interventions in a chronic, long-term aerobic upper-
body BFR training study. This research will provide critical insight in determining the 
training frequency, intensity, and duration of recovery necessary to develop the most 
efficient and effective exercise program for both the maintenance of VO2 standards and 
muscle function, which contributes to NASA’s goals for mitigating human health risks.6,7 
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Methods: For this study, 12 recreationally active adults will be recruited from Michigan 
Technological University and the surrounding area. Consenting and eligible participants 
will first undergo a familiarization session, where preliminary elbow extension torque, 
VO2 peak, blood flow (BF), and limb occlusion pressure (LOP) will be determined. In 
order to thoroughly examine the responses to upper-body BFR, participants will perform 
4 separate exercise trials of “arm cranking” (i.e., arm biking) on an arm cycle ergometer 
under the conditions illustrated below. Exercise trials will consist of each participant 
cranking for 6 intervals that last 2 minutes each with a 1-minute rest between each 
interval. For the exercise trials with BFR, the blood pressure cuffs will remain inflated for 
the entire duration of the exercise trial. Before and after each exercise trial elbow 
extensor torque and blood flow will be measured, and blood lactate, tissue saturation 
index, deoxyhemoglobin, and rate of perceived exertion will be measured throughout 
exercise conditions at each rest interval. A repeated measures ANOVA will be used to 
assess changes in dependent variables between upper-body aerobic exercise with and 
without BFR. 
NASA’s Strategic Interests: NASA Strategic Objective 2.2: Conduct Human Exploration 
in Deep Space, Including to the Surface of the Moon. The adverse effects of long-term 
exposure in microgravity systems on the musculoskeletal and cardiovascular systems has 
been well documented, but has yet to see adequate countermeasures to reduce these 
effects.4,3,7,9 BFR has the potential to provide NASA with an exercise program that is 
more efficient by providing both aerobic and resistance exercise with a single piece of 
equipment that is compatible with current NASA infrastructure.3 This research proposes 
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to discover the most efficient and effective means of maintaining human health in space, 
allowing for longer and more productive missions in an effort to enable a greater, and 
more permanent, human presence in our solar system. 
Responsibilities and Expected Outcomes: As project leader, I will take full responsibility 
in this study to recruit participants, conduct exercise trials and measures, and analyze 
data. Prior to the start of this project Dr. Elmer (Co-PI) and I will establish an Individual 
Development Plan to help make the most of this advanced research experience. I will 
have weekly meetings with Dr. Elmer and my graduate exercise physiology laboratory 
peers to discuss the project, as well as gather feedback. I will also seek the advice of 
previous MSGC fellow Tom Bye, and current MSGC fellow Kevin Phillips, who have 
both conducted research involving upper-body specific exercises. Below is a Gantt chart 
outlining my project timeline from May of 2019 until April of 2020. My goal is to 
present the findings of this research at the weekly laboratory meetings, department 
research seminars, and the annual national meeting for the American College of Sports 
Medicine. I recently attended the 2018 MSGC Fall Conference and shared the results of 
an educational research project I led during this past semester, and I look forward to 
presenting the results from this research at next year’s meeting. This research will aid in 
my ability to write and present research in educational and outreach settings, as well as 
help further my ability to plan, conduct, and publish research in an academic setting. 
Future Career and Educational Interests: I am currently in my last semester as an 
undergraduate student at Michigan Technological University, with plans to continue my 
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education as a thesis-driven master’s student in kinesiology at Michigan Technological 
University as well. This research will provide me with the opportunity to establish 
advanced research skills which will be invaluable to me as I continue my education past 
my master’s degree into a doctorate program in exercise physiology. I will use this 
experience to one day become a professor at a university to research novel ways to 
improve human health, efficiency, and performance, specifically related to pursuits in 
outdoor activities and expeditions. Presenting this research will support the MSGC vision 
to spread space-related knowledge and research in Michigan to those outside of the 
scientific community, as well as aid in the mission to help advance countermeasures for 
the maintenance and improvement of astronaut health in space. 
References 
1. Burgomaster, K. A., Moore, D. R., Schofield, L. M., Phillips, S. M., Sale, D. G., 
& Gibala, M. J. (2003). Resistance Training with Vascular Occlusion: Metabolic 
Adaptations in Human Muscle. Medicine and Science in Sports and Exercise, 
35(7) 1203-1208. 
2. Dankel, S. J., Jessee, M. B., Abe, T., & Loenneke, J. P. (2015). The Effects of 
Blood Flow Restriction on Upper-Body Musculature Located Distal and Proximal 
to Applied Pressure. Sports Medicine, 46(1) 23-33. 
3. Hackney, K. J., Everett, M., Jessica, S. M., & Ploutz-Snyder, L. (2012). Blood 
flow-restricted exercise in space. Extreme Physiology & Medicine, 1 1-13. 
63 
 
4. Hawkey, A. (2003). The importance of exercising in space. Interdisciplinary 
Science Reviews, 28(4) 130-138. 
5. NASA . (2018). NASA Strategic Plan 2018. Washington DC: National 
Aeronautics and Space Administration. 
6. NASA. (2018, October). Human Research Roadmap/Gaps. Retrieved from 
National Aeronautics and Space Administration: 
https://humanresearchroadmap.nasa.gov/Gaps/ 
7. National Academies of Sciences, Engineering, and Medicine. (2018). Review of 
NASA's Evidence Reports on Human Health Risks. Washington DC: National 
Academic Press. 
8. Oliveira, M. d., Caputo, F., Corvino, R. B., & Denadai, B. S. (2016). Short-term 
low-intensity blood flow restricted interval training improves both aerobic fitness 
and muscle strength. Scandanavian Journal of Medicine & Science in Sports, 
26(9) 1017-1025. 
9. Williams, D., Kuipers, A., Mukai, C., & Thirsk, R. (2009). Acclimation during 
space flight: effects on human physiology. Canadian Medical Association 





B Approved IRB Forms 



















B.3 IRB Approved Protocol 
 
71 
 
 
72 
 
 
73 
 
 
74 
 
 
75 
 
 
76 
 
 
77 
 
 
78 
 
 
